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A Note to Readers
2012
This volume is part of a Bulletin Series inaugurated by the Yale School of
Forestry & Environmental Studies in 1912. The Series contains important
original scholarly and applied work by the School’s faculty, graduate
students, alumni, and distinguished collaborators, and covers a broad range
of topics.
Bulletins 1-97 were published as bound print-only documents between 1912
and 1994. Starting with Bulletin 98 in 1995, the School began publishing
volumes digitally and expanded them into a Publication Series that includes
working papers, books, and reports as well as Bulletins.
To celebrate the centennial of publishing at the school, the long out-of-print
Bulletins 1-97 were scanned to make them available as pdfs to a broader
audience. A caution: the scanning process is not perfect, especially for print
documents as old as some of these, so the readers’ indulgence is requested for
some of the anomalies that remain despite our best efforts to clean them up.
Everything published from 1912-present is available on the School’s website
(http://environment.yale.edu/publications) for free download. Nothing
in the Series requires copyright permission for reproduction when intended
for personal or classroom use.
Bound copies of everything published in the Series from 1912 to the present
are also available in the Yale University libraries and archives and can best
be accessed by contacting the School of Forestry & Environmental Studies
librarian.

FOREWORD
HE field studies on which this bulletin i. s based were made on the
Yale Demonstration and Research Forest near Keene, New .Hampshire, by Doctor Li, under the direction of Professor Tourney. The original
draft of the report was prepared by Doctor Li, as part of the requirements
for the degree of Doctor of Philosophy at Yale University. In order to make
the report suitable for publication as one of the series of bulletins of the
School of Fo~estry, it has been partially rewritten, condensed, and rearranged by Professor Toumey, who also revised the proof sheets.
Both the field studies upon which the report is based and the publication
were made possible by substantial assistance received from a fellowship
granted Doctor Li under the Forest Production Research Endowment of
the School of Forestry.
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SOIL TEMPERATURE
AS INFLUENCED BY FOREST COVER
INTRODUCTION
GENERAL CONSIDERATIONS

T has long "been known from empirical observations that the mature,
fully stocked forest exerts a marked effect ,on its environment. It was
not, however, until the middle of the nineteenth century that systematic ,
study was begun and instruments installed for the purpose of determining
the degree of this effect. Instruments were first employed in forest
orolo'gical study ~n France, in 1866 by Mathieu. 1 A year later Ebermayer 2
established forest meteorological ,stations in Bavaria, his studies marking
the beginning of a long-continued and comprehensive investigation. Mathieu
confined his investigations to atmospheric phenomena but Ebermayer also
made an extended study of soil 'temperature at various depths both in the
forest and in adjacent open fields. Since these early studies by Mathieu and
Ebermayer extensive investigations have been made at other stations in
Germany, France,Austria, and in many other countries as well.
An examination of the literature of ,forest soil temperature reveals the
fact that nearly all of the figures in existing data were obtained from curtent thermometers read ,once or twice daily at hours arbitrarily chosen.
Miittrich 3 states that these data are not a safe basis for the calculation of
mean soil temperatures for definite periods; they only express comparative
values at definite hours. This is especially true of the surface soil layers
where the fluctuations in temperature from hour to hour are the greatest.
In spite of Miittrich's early knowledge of the unreliability of the data on
which mean forest soil temperatures were based, he failed to point out a
correction. Nearly all subsequent literature ,dealing with forest soil tern-

I

G.: Economie Forestiere, Vol. I, p. 46. Paris, 1904.
EBERMAYER) E.: Die physikalischen Einwirkungen des Waldes auf Luft und
Boden. Aschaffenburg, 1873.
3 MUTTRICH) A.: Beobachtungen der Erdbodentemperatur auf den foistlich-meteorologischen Stationen in Preussen, Braunschweig und Elsass-Lothringen. (Festschrift
f.d. Fiinfzigjahrige Jubelfeier d. Forstakademie Eberswalde. Berlin, 1880.)
1 HUFFEL,

2
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peratures has been based on data derived from current thermometer readings.
Due to the lack of an adequate method of installing the standard maximum and minimum thermometers in the soil, the diurnal change in the
soil temperature at definite depths has never been studied iJ) a comprehensive way in forest meteorological investigations. Miittrich 4 and Cuif5
undertook the determination of the diurnal change at various depths by
reading current thermometers at one and t\vo-hour intervals but the data are
far too fragmentary to warrant general conclusions.
This study of soil temperature at various depths in the open as compared
with similar studies in the forest is made by a method which permits the
reading of standard maximum and minimum .thermometers daily when installed at various depths below the surface and without disturbing the soil
above.
OBJECT OF THE STUDY

The purpose of this investigation is to study the effect of the forest on
soil temperature at definite depths, expressed in terms of daily maximum
and daily minimum. By forest is meant not only the trees but the surface
vegetation and litter as well. Effort was made to preserve the vegetation and
litter from being disturbed over the period covered by the investigation.
IMPORTANCE OF SOIL TEMPERATURE STUDIES IN FORESTS

The chemical and biological processes which promote the growth of the
raotare largely dependent on the soil temperature. On the cultural side the
soil temperature plays a very important role especially in natural regeneration. The lowering of the soil temperature under a closed canopy profoundly
affects the following phases in the process of regeneration.
1 . The storage of seeds in the duff: 6 One of the most important requisites ,for storing seed without deterioration is low temperature. In nature
the stored seeds can only be found under a massive forest with a deep and
closed crown cover, which lowers the surface temperature and thus assures
the safe-keeping of the seeds.
A.: Beobachtungen cler Erdbodentemperatur auf den forstlich-meteStationen in Preussen, Braunsch"weig und Elsass-Lothringen. (Festschrift
f.d. Fiinfzigjiihrige Jubelfeier d. Forstakademie Eberswalde. Berlin, 1880.)
5 CUIF) M. E.: Meteorologie comparee agricole et forestiere. (Bul. des Sciences de
la Societe des Sciences de Nancy, pp. 225-307, 1913')
6 HOFFMAN) J. V.: Natural reproduction from seed stored in the forest floor.
(Jour. Agrl. Res., Vol. II, pp. 1-27, 1917.)
4

MUTTRICH,

orolog~schen
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The germination of seeds: 7 The germination of seeds cannot be brought
about, even at an optimum condition of moisture al?-d aeration, if the temperature istoo low. Under a closed crown canopy, such as that of a thrifty
white pine stand in northern New England, the temperature ·of the top soil
is usually below the optimum condition for seed germination. A heavy thinning admitting a sufficient amount of heat to the. forest floor will provoke
a good stand of seedlings.
3. The survival of young seedlings: 8 The young seedling immediately
after its emergence above the ground is very susceptible to injury from
high soil temperature. When the surface soil temperature is above 130
degrees F. it often proves fatal to young seedlings. Yet in nature a temperature of 152 degrees F. has been observed at the surface of a denuded,
sandy soil at Keene, N. H. It is clear that the lowering of the surface
temperature of the soil by an artificial or by a natural shade may be most
important in bringing in a successful crop .o f young seedlings.
4. The development of seedlings:9 The explanation f()r the poor development of most seedlings under dense shade has caused considerable controversy among foresters. Some investigators believe that light is the most
important factor while others lay stress on soil moisture. Both views are
supported by substantial experiments. Biihler1() admits the importance of
both, but also main~ains that soil temperature plays a most important role.
According to Huffel11 the special flora and fauna under a forest are
largely controlled by the soil temperature, which in turn is determined by
different species constituting the forest, and by different treatment. His
view is .substantiated by Cannon's12 work. The latter has conducted a series
of experiments on the effect of soil temperature on the rate of growth of the
2.

7 HAWLEY" R. C.: White pine stands on experimental plots at Keene, N. H. (Yale
Univ.,Sch. For., Bul. NO.7, pp. 29-35, 1922.)
8 TOUMEY} J. W., and NEETHLING, E. J.: Insolation a factor in the natural regeneration of certain conifers. (Yale Univ. Sch. For., Bul. NO.1 1, 1924.)
9 GRAVES" H. S., and ZON, R.: Light in relation to tree growth. (U.S. Forest
Service, Bul. No. 92, 1911.)
BURNS, C. P.: Studies in tolerance of New England forest trees. (Ver. Agr. Exp.
Sta., Bu!. No. 235, 1923.)
FRICKE" K.: "Licht und Schattenholzarten" ein wissenschaftlich nicht begrundetes
Dogma. (Centralblatt f.d. gesamte Forstwesen, Jahrg. 30, s. 3 1 5-3 2 5, 1904.)
1.0 BUHLER, A.: Der Waldbau. Stuttgart, 1918.
11 HUFFEL, G.: Economie Forestiere, Vol. I, p. 62. Paris, 1904.
12 CANNON} W. A.: 'D istribution of Cacti with especial reference to the role
played by the root response to soil temperature and soil moisture. (Am. Nat., Vol.
50, pp. 435 -4 4 2 , I 9 I 6. )

II

SOIL TEMPERATURE
roots of several desert plants. He came to the conclusion that the distribution of certain desert ,plants is largely determined by the' soil temperature
of the site.
Pearson13 and Bates14 from the results of their studies on the environmental factors in different forest types came to the concurrent conclusion
that soil temperature is one of the important fact()rs controlling the distribution of forest' types. As to the causes their views differ. The former lays
stress on the'low soil temperature which renders soil moisture unavailable,
while the latter stresses the high surface soil temperature which controls
reproduction.
FACTORS AFFECTING SOIL TEMPERATURE IN FORESTS

The factors affecting soil temperature are separable into two groups.15
The first group considers the source of heat and the factors modifying its
intensity and duration and the second group, the factors determining the
specific heat and the power of heat absorption by the soiL The first group
is affected 'by the forest and ·is as follows:
I-Duration and intensity of sunshine
:2-Air temperature
3-Wind velocity
4-Moisture content of 'the soil

S-Humus content of the soil
6-Color of the soil
7-Structure of the soil
8-Sha~e of the living cover
9-Litter

The second group is unaffected by the forest and is as follows:
I-Cloudiness
2-Latitude
3-Altitude

4-Exposure
s-Slope
6-Soil type, soil texture

13 PEARSON} G. A.: Factors controlling the distribution of forest types. (Ecology,
Vol.

pp. 139-159, 289-308, 1920.)
BATES, C. C. : For,e st types in the central Rocky Mountains as affected by climate
andsoil. (U.S. Dept. Agr., Bul. No. 1233, 1924.)
15 WOLLNY, E.: Forschungen auf dem Gebiete der Agrikultur-physik. Band ' 1-20.
BouyoucOS, C. J.: An investigation of soil temperature and some of the most important factors influencing it. (Mich. Agr. Exp. Sta., Bul. No. 17, 19 13; Bul. No. .
I,

14

26, 1916.)
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HISTORICAL REVIEW
HERE is voluminous literature 'dealing with different phases of soil
. temperature. The following review is limited to the particular phase
concerning the forest as a factor influencing soil temperature. In order to
avoid possible confusion, it is deemed advisable to treat the literature of
each country separately.

T

GERMANY

In tracing the historical development of the study of forest soil tempera..
ture one cannot fail to recognize Professor Ebermayer as the first man to
place the subject under systematic study. His methods have been followed
by many subsequent investigators in other parts of Germany and in other
countries.
In 1867, he succeeded in persuading the Bavarian Government16 to establish a series of forest meteorological stations in Bavaria under his direction.
Six pairs of stations, with: one station in each pair in the forest and the
other in an adjacent open field, were established in 1867-1868. The six
forest stations were under four differen~ types of forest, namely two in
beech, two in spruce, one in pine, and one in a mixed forest of beech and
oak. The elevation of the stations varied from 1000-2776 feet above sea
level. The age of the stands at the beginning of the observation varied from
36 to 60 years.
Soil temperature was investigated in both the forest stations and in the
adjacent field stations. The study comprised observations of soil temperature at six different depths, namely, at the surface, and at depths of 6, 12,
24, 36, and 48 inches. Readings were taken twice daily, 8 A.M. and 5 P.M.
It is of great interest to note Ebermayer's method of installing his instruments, which has been copied by most European investigators, except the
French, with only slight modification. His own description 17 is translated in
the following paragraph.
"In measuring the soil temperature on the surface, and at depths of 6,
12, 24, 36, and 48 inches, each pair of stations is equipped with twelve
current thermometers, six of them installed in the forest station and six in
16 EBERMAYER, E.: Aufgabe und Bedeutung der in Bayern zu forstlich;en Zwecken
errichteten meteorologischen Stationen. (Forstliche Mittheilungen. Herausgegeben
yom Konig!. Bayer. Ministerial-forstbureau, B. 4, H. 3, s. 32-45, 1869.)
17 ' EBERMAYER, E.: Die physikalischen Einwirkungen des Waldes auf Luft und
Boden, H. I, s. 12-23. Aschaffenburg, 1873.
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the adjacent ·open field station. The current thermometers for measuring
the temperature on the surface and at the 6-inch depth are buried in the
soil with their mercury bulb at the desired depth; for determining the soil
temperature at lower depths the method proposed by Lemont is used. It is
exceptionally simple and practicable . . . The important features of the
proposed scheme are shown in Fig. I. Four square wooden pipes, 1,2, 3, and

Fig. I. Ebermayer's device for measuring
soil temperature.

4 feet long are put together and buried in the soil. There is a wooden ·core

in each pipe having the same length as the pipe. It fills up the hollow of
the pipe as completely as possible and at the same time it can be easily taken
out. There is a metal handle at the upper end of the wooden core, by which
it can be easily drawn out of the pipe. The thermometer is fastened to the
wooden core at ·its lower end by ·a copper strip. There is an opening in the
wooden pipe immediately before the bulb of the thermometer, which is cov...
ered with a sheet of copper, a good conductor of heat .which facilitates the
transmitting of the incoming heat from the surrounding soil. The whole
equipment is enclosed above the surface in a wooden box which is locked
to prevent disturbances."
14
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In order to obtain uniform results, a set of instructions 18 about instrumentation was drawn up and a standard form for compiling data was made
for officials in charge of the different forest meteorological stations.
In 1873, Ebermayer published the results of the earlier observations,19
1863-1869, in the different Bavarian stations. This is the first work of its
kind ever published in any language. One third of this volume is devoted to
soil temperature. The available data were studied from various angles. Its
thoroughness in treatment surpasses most of the work of Ebermayer's successors. From his penetrat1ng study and careful analysis, the following general conclusions are drawn which are in general in accordance with those by
subsequent investigators.
I. The mean annual temperature of the soil under a forest cover is lower
than that of denuded soil, at all depths. The difference amounts to, on the
average, 3.4 degrees F. 2 0
2. The mean seasonal temperature, in spring, 'summer, and autumn, is
lower in the soil under a forest than in a denuded area. The highest difference observed in summer is 6.8 degrees F. In winter the temperature of the
soil under the forest cover is about the same or slightly higher than that of
the soil in a denuded area.
3. In spring and summer the soil temperature decreases with increasing
soil depth, both in the forest and in the open field, but in the autumn and
winter the reverse is true.
4. The daily range of the soil temperature, based on the difference of the
two daily readings, is lowered by a forest cover. The difference decreases
with the soil depth. In the warmer months, the influence of the forest in
this respect is more significant than in the colder months.
5. The forest lowers the maximum soil temperature to a very considerable
extent in summer and raises the minimum only slightly in winter.
In 1875 the German Forest Meteorological Service 21 was established. In
the same year there were ten pairs of stations in active service. Later on,
seven additional pairs of stations were established and one old station dis18 Instruction zu den Beobachtungen der fur forstliche Zwecke errichteten meteorologischen Stationen in Bayern. (Forstliche Mittheilungen. Herausgegeben vom
Konig!. Bayer. Ministerial-forstbureau, B. 4, H. 2, S. 25-40, 1867.)
19 EBERMAYER, 'E .: Die physikalischen Einwirkungen des Waldes auf Luft und
Boden, H. I; s. 26-g8; II. 2, s. I-gO . .t\schaffenburg, 1873.
20 The figure is reduced from the Reaumur Scale.
21 HARRINGTON, M. W.: Review of forest meteorological observations (Div. For.,
U.S.D.A., Bu!. No~ 7, p. 30, Ig02).
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continued. These sixteen pairs of stations ·were distributed under three
types of forest, six under spruce, four under pine, and six under beech.
The . whole system was under the direction of Professor M iittrich of
Eberswalde. The instruments were carefully standardized and detailed
instructions for instrumentation22 were .issued to the officials in charge, in
order to obtain uniform results at all stations.
The method of installing the thermometers was about the same as that
used in the Bavarian stations, except in the following respect. The temperature was measured at the surface and at 15, 30, 60, 90, and 120 em.
depths. The hours of reading were also different, namely, 8 A.M. and 2 ~.M.
The results of these observations were puplished in monthly and yearly23
summaries.
Professor Miittrich in 1880 from hourly readings for fifteen consecutive
days in June and July made a searching study on the accuracy of the soil
temperature data of the Eberswalde stations. 24 He found that the mean,obtained by averaging two daily readings does not represent the true mean of
the day's temperature, especially in tlte .superficial layers of tlte soil. At a
depth of 60 cm., however, the daily variation is too insignificant to introduce any serious errors. He discarded all the soil temperature data taken at
depths above 60 em. i!l presenting the five-year mean soil temperature at the
different stations.
Schubert25 held a less radical point of view than his predecessor. He applied an ,arithmetical correction to the figures in the data which he called the
probable error. From his corrected data, collected at the Eberswalde stations from 1876-1887, he constructed three sets of graphs. The general conclusion drawn from these graphs is by large in agreement '\vith Ebermayer's,
except that the soil temperature under the forest is much higher as compared
t<? that in the open in winter.
22 Instruction zu den Beobachtungen an den in Deutschland fur forstliche Zwecke
errichteten meteorologischen Stationen. (Das forstliche Versuchswesen, B.. I, s. 1744. Augsburg, 1881.)
23J ahres bericht iiber die Beobachtungs-Ergebnisse im Konig. Preussen und in
den Reichslanden eingerichteten forst. meteo. Stationen, 1875.
24: MUTTRICH A.: Beobachtungen der Erdbodentemperatur auf den forst. meteo.
Stationen in Preussen, Braunschweig und Elsass..Lothringen. (Fest. f.d. Fiinfzigj iihrige
J ubelfeier d.f. Ak~d. Eberswalde, 1880.)
25 SCHUBERT., J.: Monats- und Jahresmittel der Bodentemperatur auf dem Felde
und im Kiefernwalde. (Zeitschrift fur Forst- und ]agdwesen, Jahrg. .20, s. 18-3 2 ,
1888.)
J
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SWITZERLAND

The first forest meteorological stations in Switzerland were established in
1869 in Canton Bern. 26 ·Three paired stations were distributed at different
elevations arid under different forest cover, two under spruce and one under
beech. The method of installing the thermometers was closely modeled after
the Bavarian.
The accumulated data were critically studied .by Wollny2'7 and later by
Zschokke. 28 The results of their study confirm the conclusions · drawn by
Ebermayer from the Bavarian data. Zschokke revealed the following additional aspects in interpreting the data.
I. The increase and decrease in the surface soil temperature correspond
closely to those of the air. The increase and decrease in the deeper layers
are delayed successively depending on the depth of the soil. Thus at 90 em.
the temperature attains its maximum and minimum about one month later
than in the superficial .layer.
2. The temperature of the surface layer of the soil in the open, is warmer
in summer and colder in winter than the air. The surface layer under a
forest cover, on the contrary, is colder than the air at all seasons.
Two additional groups of stations were established in 1889-189° near
Zurich. 29 Each group included more than two stations, only one of which,
however, was in the open field. The others were in adjacent forests. The
method of installing the thermometers was similar to that used in Germany,
the reading, however, was taken only once a day, namely, at 8 A.M. at the
Adlingerg stations and at 1 P.M. at the Haiderhaus stations. The results of
the observations were published in the Swiss experiment station reports30 of
different yeats.
26 FRANKHAUSER: Stations forestieres des observations meteorologiques.
(Journal
Suisse d'Economie Forstiere, pp. 54-60, 1875.)
27 WOLLNY, E.: Vergleichende forstliche-meteorologische Beobachtungen in Kanton Bern. (Forschungen auf dem Gebiete der Agrikultur-physik, B. 5, s. 316, 1882.)
28 ZSCHOKKE} A. : Ergebnisse der Beobachtungen an den im Kanton Bern zu Forstlichen Zwercke errichteten meteorologischen Stationen. (Mittheilungen der Schweizerrischen Centralanstalt fur forstliche Versuchswesen, B. I, s. 155-189, 1891.)
29 BUHLER, A., undBILLwILLER, R.: Die Forstliche-meteorologischen Stationen.
(Mittheilungen der Schweizereischen Centralanstalt fur forstliche Versuchswesen,B. I,
s. 190-200, 1891.)
30 Beobachtungen an der forstliche meteorologischen Stationen. (Mitt. der Schweiz.
Centralanstalt fur forstliche Versuchswesen, B. I, 1891.)
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AUSTRIA

Forest meteorological research was revolutionized by Lorenz-Liburnau31
by establishing the system of radial stations. The observations taken on
soil temperature at these stations were never published. The experiment
conducted by Hoppe'32 on the crown density as a factor influencing soil
temperature, however, is of interest. Soil thermometers were installed at
depths of 5, 25, and 50 em., conforming to the scheme used in Germany and
elsewhere. Observation points were distributed in thinned and unthinned
permanent sample plots in beech and spruce forests. The study covered two
years, 1895-1896. The results show that the thinning increased the soil
temperature at all depths, the difference decreasing with increasing soil
depth.
FRANCE

The French investigators, in spite of their preeminent standing in the
forest meteorological movement, neglected the study of soil temperature in
their earlier investigations. They did not undertake the study of soil temperature until the beginning of this century. The first observations33 took ,
place in 1902. Three stations were then established in the vicinity of Nancy,
one in the open, one under , a mixed hardwood high forest and one under
a two-storied hardwood forest. They were established under Professor
Henry's direction. The method of installing the soil thermometers was
different from the German method as noted below.
A soil well one meter on each side was excavated. One of the vertical walls, preferably the one facing the north, was lined with boards" in
which holes of 1-2 em. in diameter were bored at 20, 40, 60, and 80 em.
below the surface of the soil. Horizontal tunnels were bored into the ,soil
at each opening. A current thermometer, with a stem 50 em. long and
graduated in degrees and half degrees, was inserted in each tunnel. The
tunnel was closed with a cork after the thermometer was in place and the
soil "veIl covered to prevent free air circulation. Readings were made twice
daily, 8 A.M. and 3 P.M.
J.R. VON: Resultate forstlich-meteorologischer Beobachtun(Mittheilungen vom forstlichen Versuchswesen in Osterreich, II. 13, s. 3-3 0 ,

31 LORENZ-LIBURNAU,

gen~

18 9 2 . )
32 HOPPE, E.: Untersuchungen iiber den Einfluss der Bestandesdichte auf die Bodentemperatur. (Centralblatt f.d. gesammte F'orstwesen, Jahrg. 23, s. 64-68, 1897.)
33 CUIF, M. E. : Influence du couvert de la foret sur la temperature dusol it diverses
profondeurs. (Bul. des Sciences de la Societe des Sciences de Nancy, pp. 5 1 -66,

19°9. )
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RUSSIA

The first forest meteorological research station was established in Russia
in 1871, in connection with the Forest School at Lissino. 38 Several other
stations, subsequently, have been organized throughout European Russia.
The data are not accessible.
The experiment39 conducted at the Moscow Agricultural Institute, however, is of interest. The temperature of the water in wells bored in forests
and in clearings was measured. The data indicated that the ·soil temperature of the subsoil under a forest cover is, throughout the year, colder than
that under an open field. The influence of the forest is felt even at a depth
of ten meters.
UNITED STATES
The early publications in this country on the temperature of forest soil
were compilations from foreign sources. Hough's40 work is wholly based on
Bavarian and Swiss data. Harrington 41 borrowed German data and brought
out, among other points, the fact that the soil temperature under an evergreen forest is colder in spring, and warmer in summer and autumn than
that under a deciduous forest; and about the same in winter.
The first comparative observation of forest soil temperature was undertaken by Pearson 42 in his study of yellow pine forests and parks in 191 I.
The observation continued for four months, July to October, at a depth of
two feet. Readings were made once a day on a current thermometer. He
found the forest soil to be 5.1 degrees F. cooler than the open park.
More recently the Hemlock Committee of the New York Botanical
Garden48 undertook a more extensive study of soil temperature in de88 MUTTRICH, A.: Die zu forstlichen Zwecken im Konigreich Preussen und in
Elsass-Lothringen errichteten meteorologischen Stationen. (Zeitschrift fur Forst- und
]agdwesen, Jahrg. 7, s. 426, 1875·)
39 NESTEROV, N.: Influence of woods on the temperature of the soil and subsoil.
(Exp. Sta. Rec., Vol. 24,P. 620,1911.)
40 HOUGH, F. R.: Comparative meteorological observations in the forests and in
the open fields. (Report upon forestry, Vol. I, pp. 235-261, 1878.)
41 HARRINGTON, M. W.: Review of forest meteorological observations in the forest
and in the open field. (Div. For. U.S.D.A., Bul. NO.7., pp. 40-50,1902.)
42 PEARSON, G. A.: A. meteorological study of parks and timbered areas in the
western yellow pine forest of Arizona and New Mexico. (Mon. Weath. Rev., Vol. 41,
p. 1615, 19 1 4.)
4B MOORE, B., RICHARDS, H. M., GLEASON, H. A., and STOUT, A. B.: Hemlock
and its environment: Field records. (BuI. N. Y. Bot. Gar., Vol. 12, PP. 3 2 5-350,

19 2 4.)
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nuded and in forested areas. Five groups of stations were established
throughout the region covered by the range of the eastern hemlock. Standard maximum and minimum thermometers were first introduced in measuring the soil temperature. A wooden ·frame ·of desirable height was buried
in the ground. After the thermometers were ·carefully set on the soil surface
in the enclosure of the .frame, a closely fitted wooden cover was put on the
frame. The soil depths under investigation were 6 and 18 inches below .
the surface. Readings were taken but once · ~ week and the average of the
maximum and minimum of the week was taken as the weekly mean. The
observation period extended from May 12 to October 5.
Besides the references cited above, the following relate to the effect of
grass, young seedlings, moss, litter, etc., on soil temperature. These phases
of the subject have been studied by Wollny,44 Ebermayer,45 Biihler,46 and
Toumey.47 They agree with each other that from April to October the soil
temperature is lower under both living and dead cover than when the soil
is bare. The figures given by the different authors, however, are variable.
This quantitative difference is largely due to difference in the density of
the living cover and in the depth of .the litter.
SUMMARY

The following is a summary of methods employed and results obtained
in the investigation of the effect of forest vegetation on soil temperature
prior to the ·investigations set forth in this Bulletin.
I.

Methods used.

a. Current thermometers in vertical pipes.
b. ·Current thermometers in horizontal tunnels.
c. Current thermometers inserted directly in the soil in measuring soil
temperature at the surface and at a depth of six inches.
44 WOLLNY, E.: Untersuchung iiber den Einfluss der Streudecke auf Erwarmung
und Durchfeuchtung des Bodens. (Forschungen auf dem Gebiete der Agrikultur...physik, B. 13, S. I43~171, 1890.) Untersuchung tiber den Einfluss derPflanzendecke und
Eeschattung auf die physik. Eigenschaften des Bodens (E. 12, S. 1"'21, 1889.)
45EBERMAYER, E.: Einfluss lebender und todter ·Bodendecken auf die Boden Temperatur (B. 14, s. 377-399, 189 I.)
4;6 BUHLER, A. : Untersuchungen iiber die Temperatur des Boden: Zweite Mittheilung.
(Mitt. der Schweiz. Cent. f.d. forst. Versuchswesen, B. 4, s. 257, 3 I 5, 1895.)
47 TOUMEY} J. W., and NEETHLING} E. J.: Some effects: of cover over coniferous
seedbeds in Southern New England. (Yale Univ., Sch.For., Bul. NO.9, pp. 26-28,
19 2 3.)
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d. Maximum and minimum thermometers in a wooden box with a closely
fitting cover.
2.

Time of reading.
i
a. Twice daily: 8 A.M. and 5 P.M., or8 A.M. and 2 p.M.
b. Once daily: 8 A.M. or 2 P.M.
c. Once weekly.
and minimum thermometers.)

3. Results.
a. The mean annual temperature of the soil under a forest cover is lower'
than that in the open field at all depths.
b. The mean seasonal temperature, in spring, summer, and autumn is
lower in the soil under a forest cover than in an open field, and the difference is most marked in summer. In winter it is generally slightly higher in
the forest soil or about the same as in the open. In exceptional cases, the
soil temperature in the winter is slightly lower under the forest.
c. The soil, temperature in spring and summer decreases with the soil
depth, both in the open field and under a forest, but in autumn and winter
it increases.
d. .The maximum soil temperature is lowered to a considerable extent in
summer by the forest cover; in winter, however, the minimum is raised but
slightly.
e. The decrease in the surface temperature of the soil corresponds closely
to that of the air temperature. In the deeper layers, the decrease is delayed
successively depending on soil depths.
f. The temperature of the surface layer of the soil in the open is warmer
in summer and colder in winter than that of the air. The surface layer
under a forest cover is colder than,the air at all seasons.
g. The soil is colder under a deciduous forest in summer and autumn
than under an evergreen forest; in spring the reverse is true. The .difference
vanishes in winter.
h. Thinning causes an increase in soil temperature at all depths down to
50 cm. .from May to October.
i. The two-storied forest exerts a greater influence in lowering soil temperature than a high forest in the summer months.
j. From April to October the soil temperature is lower under both living
and dead cover than where the soil is bare.
k. The daily range of soil temperature, rather, the difference between the
two readings, is reduced by a forest cover. The difference decreases with
22
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the depth. In the warmer months, the influence of the forest is more significant than in the colder months.
1. The data for exact daily range from continuous hourly or bi-hourly
readings of current thermometers are too fragmentary to warrant general
conclusions.
m. The average of two daily readings from current thermometers does
not represent the true mean temperature of the soil, especially in the superficiallayers.

SCOPE AND METHOD OF THE INVESTIGATION
PLAN

Four stations were established on the following sites:
I. Site entirely bare of vegetation, which was denuded artificially.
2. Site with a cover of herbaceous vegetation.
3. Site with a young white pine stand.
4. Site with an old white pine stand.
The investigation at each station embodied four parts.
I. Daily maximum and minimum soil temperatures on the surface and at
6, 12, and 24 inches below the surface.
2. Daily maximum and minimum air temperatures at 3 feet above the
surface.
3. Weekly evaporation from black and white Livingston atmometers.
4. Soil moisture content at 0-3, 3-9, 9-15, and 21-27 inch depths, during
the drier periods of the season.
Soil temperature, as stated before, was the primary study, but in order
to explain the phenomena of soil temperature the investigation .extended to
those factors which, on the one hand, affect the soil temperature and, on the
other hand, are affected by the vegetative cover.
The air and soil temperatures were taken daily from 5-10 A.M.} including
Sundays. The period of observation extended from July 1 to October 31,
1924. Th~ atmometer readings were made weekly. The first reading, however, covered only six days. This study was concluded at the end of September, due to disturbances caused by heavy frost which formed a thick
layer of ice crystals over the atmometer bulbs. Soil moisture was studied
periodically in the months of July and August during the drier periods.
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SELECTION OF STATIONS

The choosing of a suitable site for .each station was extremely difficult as
there are many factors which influence soil temperature. In studying the
quantitative effect of a single factor it is necessary to eliminate the influence
of the other factors. Theoretically it was necessary, for our purpose, to select
four sites identical in every respect except in vegetation. This,however, is
unattainable in actual practice. Great · effort was made to have them comparable in soil, exposure, elevation, and in all other respects aside from
the vegetation itself which might influence soil temperature.
METHOD

In measuring maximum and minimum soil temperatures, two kinds of
instruments are gene~al1y resorted to. They are the thermograph and the
standard maximum and minimum thermometers. The former instrument
has been used by several investigators48 in registering soil temperature, but
according to Bates and 20n49 its records are liable to considerable errors.
The difficulty in checking this instrument with standard thermometersmakes its use rather uncertain.
Maximum and minimum thermometers have been used by Moore 50 who
placed them in wooden boxes buried in the soiL This method has been found
unsatisfactory,51 for the readings are subject to errors caused by the large
air space in the box and the effect of the box itself on the soil temperature.
The method adopted for this investigation is the one devised by Toumey.51
Standard maximum and minimum thermometers are attached to a special
device which is inserted in ·a horizontal tunnel bored in the soil at the desired depth from a soil welL
INSTRUMENTS

Each station was equipped with the following instruments:
I. A small instrument shelter containing a set of maximum and minimum
thermometers.
48 SHREVE" F.: Soil temperature as influenced by altitude and slope exposure.
(Ecol.,VoL 5, pp. 1.28- 1 37, 19.24·)
)
49 BATES, C. G., and ZaN, R.: Research methods in the study of forest environment.
(U.S.D.A., Bul. No. 1059, p. 19 and p . .29, 19 2 .2.)
5-0 MOORE, B., et al. (See reference 43 on p. IS this paper.)
51 TOUMEY, J. W., and S1'ICKLE, P. S.: A new device for taking maximum and
minimum soil temperatures in forest investigation. (Ecol., Vol. 6, p. 171, 19.25.)
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Fig. 3. A general view of the location where the four stations are situated.
The denuded station and the grass station in the front with one 'white instrument shelter on each; the young forest station behind the grey birch grove;
and the old forest station under the high forest at the extreme left.
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One set of goose-neck maximum and minimum thermometers for measuringthe surface temperature of the soil.
3. Three sets of standard maximum and minimum thermometers · (U.S.
.Weather Bureau ·pattern) for measuring the temperature of the deeper soil
layers.
4. Three special wooden devices on which the standard maximum and
. minimum thermometers are attached.
5. Four Livingston spherical porous cup atmometers, two white and two
black.
The instrument shelter was set about ten feet or more away from the
point where the surface soil thermometers were placed, thus ·preventing its
shadow from modifying the readings from them. The surface thermometers
were laid flat on the ground with the bulb buried under a thin layer of
soil on the open stations and under the litter on the forest stations.
·A soil well was ·dug at each station in installing the soil thermometers
at the lower depths. This well was five feet long, two and 'one-half feet wide
and three feet deep. Three horizontal tunnels were bored on the end wall
at 6, 12, and 24 inches below the surface. These tunnels were two inches in
diameter and were made with a soil auger. (Fig. 2.) In order to make the
tunnel parallel to the surface, a horizontal bar was laid on 'the ground across
the soil well and a meter stick dropping perpendicularly across the bar
guided the auger in a parallel position with the bar at the time of boring. The' wooden devices on which the instruments were attached nearly
filled the tunnels when in place, yet they could be easily withdrawn. A bit
of cotton wrapped about the device near the free end, completely closed the
opening. A set of maximum and minimum thermometers were fastened with
metal hooks in an inclined position on two flat surfaces cut on either side
of the wooden device. Holes were bored on the partition wall to accommodate the bulbs of the two thermometers.
The end wall of the well .from which the borings were made was . insolated .with boards..Thewell itself was covered with a closely fitted double
wooden cover.
,T he Jour atmometers were placed near the surface .soil thermometers.
Their exact location is shown in the quadrat map of each station. The reservoir on which the . atmometer bulbs were supported on wooden containers
brought the bulbs fifteen inches above the soil surface. Two of the four
were kept continuously black by coating them with . lampblack after each
rain.
2.
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PROCEDURE

Temperature readings. Readings were taken each morning beginning at
8 o'clock and followed a regular sequence from station to station. The
maximum and minimum thermometers exposed in the air and those exposed on the surface were read prior to those at lower depths in the soil.
In manipulating the latter, extreme care was taken~ The device supporting the instruments had to be removed from the tunnels .as smoothly as possible, so as to avoid accidents which might jar the marker in the minimum
thermometer out of its position. The order of reading varied with the season. In summer the morning air was warmer than the soil and the maximum
temperature was read first before a change occurred in the column of
mercury due to the warmer air. After the temperatures were taken and.
recorded, the maximum thermometer was removed · from the device and
submerged in ice water for a minute or two. Meanwhile the marker of the
minimum thermometer was brought to the top mark of the column by tipping the device. The maximum thermometer was taken from the ~ce water
and the mercury column shaken down. The instrument was replaced on the
device and quickly and carefully returned to the tunnel. In setting the
minimum thermometer in an atmosphere colder than the soil, it was necessary to raise the alcoholic column by pressing the thumb on the bulb, and of
course ice water was not needed in setting the maximum.
The surface thermometers in the two stations were manipulated in the
same manner ,as described in the foregoing paragraph.
Considerable trouble was experienced with the breaking up of the spirit
column in the minimum thermometers, especially those on the surface in the
two open stations. This trouble has been experienced by other investigators. 52
Thermometers in which this condition arose were replaced by other instruments when the trouble first appeared.
Hourly readings. In order to determine the time that the soil temperature
at the different depths attains its maximum and minimum, three standard
soil thermometers were installed at three different depths; 6, 12, and 24
inches, near the lodge at the camp. Hourly readings were made from 6 A.M.
to 10 P.M. The observation period covered five days from September 1 to 5.
Evaporation readings. The atmometer readings were taken weekly

w~en

52 MOORE, B., et al.: Hemlock and its environment: Field record. (Bul. New
York Bot. Gar., Vol. 12, p. 344, 19 2 4.)
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the reservoirs were refilled with distilled water to the previous mark. The
amount of water added in c.c. was recorded as the evaporation of the week.
The readings of the first week showed very satisfactory results. The
amount of evaporation from the two white and also from the two black atmometers was approximately the same at the same station. In the second
week, however, considerable discrepancy was found at the grass station. A
careful examination of all instruments revealed that the discrepancy was
due to the imperfect working of some of the mountings which supported the
bulbs.
Many small air bubbles collected both inside and outside the glass tubes
supporting the bulbs, on hot summer days. It was not uncommon to find a
string of bubbles ascending into the bulb through the tube. Some of the bubbles were arrested and came together between the two stoppers that formed
the mercury valve. These often formed a large bubble lying just under the
upper stopper. The large bubble often expanded to such an extent as to
occupy the whole cross sectional area of the glass tube and thus cut off the
continuous water current from the reservoir to the bulb. With the water
supply cut off the bulb became exhausted in a short space of time. Sometimes if the water in the bulb was not reduced too low, the current was reestablished towards the evening, when the air temperature became colder
and the bubble contracted.
By constant close inspection every morning this trouble was always detected at its beginning~ The size of the arrested bubble and the luster of the
surface of the bulb gave indications of trouble. The faulty instrument was
immediately adjusted and a correction made from the record derived from
the other instrument in·the pair.
The above trouble occurred one or more times during the season in all but
one of the sixteen"atmometers under observation. There was not, however, a
single instance when the trouble appeared in both instruments of any pair
at one time, hence we are able to present a series of continuous data.
Soil moisture determinations. The samples were generally taken with a
geotome after a prolonged dry period.
The soil, thus obtained, was quickly emptied into ·an aluminum can with a
tightly fitting screw top, which was previously weighed and numbered. The
samples were weighed as soon as practicable after collecting, usually within
two hours. The drying was done in a standard oven, heated by oil. Thetemperature in the oven was maintained at 110 degrees C.
'D ue to the coarseness of the soil the period of drying required but ten
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hours. At the end of this period the cans were weighed and again a half
hour later. When two successive weighings gave no appreciable difference
in weight, the cans were removed from the oven, and weighed. The percentage of moisture content was calculated on the basis of the dry weight
of the soil sample.
Vege.tationanalysis. The study of the vegetation on the four areas can be
conveniently separated into two parts: first, the study of the dominant vegetation,and second, the study of the ground vegetation.
The study of the dominant vegetation was confined to the areas on which
the two forest stations were located. A 60-foot square sample plot, with the
station at its approximate center, was laid out with a compass and tape. It
was divided into lo-foot squares with twine. All the trees were charted, their
diameters calipered, and their height estimated.
The surface vegetation was listed as to species, abundance, and .frequency. The percentage of the total area occupied by each species was determined from carefully selected quadrats ten feet on a side.
A six-foot quadrat was laid out at each station under which the soil
temperature was observed. The vegetation was charted on thi" quadrat and
the area occupied by .each species was estimated in per cent of the whole.
METHOD OF CHECK

In comparing the data from hourly readings of current soil thermometers
with those of the maximum and minimum thermometers in ·the borings on
the grass station, it was ascertained that the daily range of the two at six
inches did not agree with each other. Standard soil thermometers were then
installed on the denuded station for the .purpose of check, and 8 A.M. was
chosen as the time for the check readings, because about this time the soil
temperature at a depth of six inches reaches its minimum. The first reading
was taken on September 7 and it was found that at the two lower depths
the current temperatures in the borings agreed with the readings from the
standard soil thermometers witl1in half a degree F. But at six inches the
standard soil thermometer registered two degrees lower than the current
temperature in the boring. The difference was accounted for by the air
space between the wall of the . hole and the standard soil thermometer
jacket's being so near the surface.
The standard soil thermometer was installed in.a boring from a soil well
at a depth of six inches on September 10. Readings taken from this instrument when .inserted but six inches in the tunnel, compared with readings
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from instruments on the device farther in the tunnel gave a difference
of I degree F. on the first day and 2 degrees F. on the second day. There
followed a period, in which the minimum air temperature was only
slightly variable from night to night. The two readings showed less variation. On the night of .September 23 the air temperature dropped suddenly
and on the following morning the difference increased immediately to three
degrees. It was found that instruments inserted with the bulb ,less than one
foot from the wall of the well wereinfiuenced by fluctuation in the air temperature of the well. A second standard soil thermometer was inserted horizontally similar to the one described above but with the bulb twelve inches
from the well walL In this case the readings agreed with those from the
instruments farther in the borings.

GENERAL DESCRIPTION OF THE REGION

.B

TOPOGRAPHY

EFORE describing the climatic and edaphic conditions of the stations,
the general topographic features of the region are briefly discussed
because they are important factors in molding local climate. The stations
are located ·in the .Ashuelot Valley, between the two western border ranges
of the Merrimack region.
The exact location is at the foot of West Hill, on the west side of the
Ashuelot River. West Hill attains an altitude of 1,366 feet on its highest
point and forms a high screen on the west. The demonstration and research
forest reaches an elevation of 818 feet at its highest point. The stations face
an open country towards the nortl1east, and are hemmed in by the eastern
range of the Ashuelot Valley a few miles away_ The elevation of the stations
is 500 feet above sea level.
CLIMATE

The average annual temperature for sixteen years from 1889-19°8 at
Keene two miles distant was 45.2 degrees F. and the annual rainfall of the
same period was 37.6 inches.
Due to the characteristic "features ·of the topography, the 'local climate is
somewhat modified. The following special features of the climate at the
stations are of interest.
1. Short duration of sunshine: This is especially noticeable in the after-
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noon. West Hill, towering on the west, reduced the duration ·of sunsbine
from one half an hour to one hour varying with the season.
2. Great daily range of air temperature: The monthly average of the
daily range varied from 31.55 to 38.36 degrees F. during the period of our
experiment. The greatest daily fluctuation recorded during the season was
49.5 degrees F. on October 15.
3. Early appearance of autumn frost: The first heavy frost in autumn
generally occurs about the middle of September. In 1924 it occurred one
week later.
4. Cold nights: Cold nights, which generally occur during clear and still
weather, are characteristic of the region. It is not unusual to find the
marker in the minimum thermometer creeping below the freezing mark in
the midst of summer. On July IS and August 3, 1924, the minimum thermometer set in the open field at three feet above the ground registered 30.5
and 29.0 degrees F. respectively.
The last three of the above special features are due to strong radiation
and the stagnation of cool air in the valley. The influence of all are apparent in the soil temperature, especially on the surface and at a depth of six
inches.
GEOLOGICAL FORMATION AND SOIL

The floor of the valley is sedimentary in origin. It is described as modified drift by Huntington. 58 With the retreating of the ice in the postglacial age, the valley was filled with the swollen river which carried large
amounts of debris and deposited them on the floor. The outcrops of the
surrounding ·hills indicate three kinds of rock formations. They are quartzite, contorted mica schist, and protogine .gneiss, which contains a large
percentage of quartz.
For the most part the soil is a coarse sand.

DESCRIPTION . OF THE STATIONS
GENERAL

;\LL four stations are located on one tract, which is nearly level. (Fig.
3.) An open meadow bearing a young red pine plantation forms the
foreground. In the background, two strips of white pine of different age

n

53 HITCHCOCK,

Vol.

II,

C. H., and HUNTINGTON.,]. H.: The geology of New Hampshire,

p. 476.
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Fig. 4. A view of the grass station, showing the soil well covered with boards,
from which , maximum and minimum temperatures were taken. The borings extend into the area 'in which the atmometers are located. The surface thermometers are just beneath the grassy vegetation in the area enclosed by the four
atmometers. At the right a small instrument shelter contains a set of maximum
and minimum thernlometers, placed at three feet above the surface of the soil.

Fig. 5. ' Vertical view of the surface vegetation on the grass station showing
grass, golden rod, and two surface thermometers.

Fig. 7. A view from the north side of the denuded station, sho,ving the soil
well with boards, from which the maximum and minimum temperatures were
taken. The borings extend 2.5 feet into the area in which the atmometers are
located. The surface thermometers are laid on the bare area, inclosed within
the ·four atmometers. At the right a small instrument shelter containing a set
of maximum and minimum thermometers, placed 3 feet above the surface of the
soil.

Fig. 8. A view of the young forest station from the east side, showing the
soil well covered with boards, from which the maximum and minimum soil
temperatures were taken. The borings extend 2.5 feet into the area in ·which the
ia tmometers are located. The surface thermometers are under the duff in the
area inclosed within the atmometers. On the farther end a small instrument
shelter, containing a set of maximum and minimum thermometers, placed 3
feet above the surface of the soil.

Fig. 12. Vertical view of the ground cover in the old forest station -showing
leaf-litter, fallen branches, cones, low-bush ·blueberry, red maple, and wintergreen.
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The graphs in Fig. 13 further illustrate that the daily difference in the
air temperature in the forest and in the open stations was subject to great
variation. The difference in the daily minimum varied from a to 6.S degreesF. and the difference in the daily maximum varied from a to 7 degrees F.; in a few exceptional instances the minimum air temperature in
the forest stations dropped below that in the open stations. This variance
was due to the effect of different degrees of cloudiness. The greatest difference 'in the maximum air temperature was, as a rule, recorded on a bright
and sunny day and the greatest difference in the minimum air temperature
on a clear and still night.
It is also noted that the effect of the forest on the maximum and minimum
air temperature gradually decreased with the advance in the season from
July onward, due to the diminishing intensity of sunlight.
SOIL MOISTURE
I. The soil moisture in the first nine-inch layer of soil was highest in the
denuded station and lowest in the grass station. The soil moisture at lower
depths in all stations shows comparatively slight difference. The difference
in the soil moisture in the superficial layer is due to many interrelating
causes. In the first place, the mulching effect is different in the different
stations. In the forest stations the layer of litter serves as mulch, which is
very effective. In the denuded station the surface layer of, soil becomes dry
very quickly after a rain. In due time the capillary water from the lower
layers is cut off on account of overdryness on the surface. This dry layer
serves as an effective mulch in checking further surface evaporation. The
mulching effect of the vegetation and the surface soil in the grass station is
not so effective in this respect as in the other stations. Secondly, the conditions favoring evaporation are different in the open stations and in the forest stations. The most important differences are intensity of sunlight, air
temperature, and atmospheric humidity. Thirdly, the demand of the roots
of the plants on soil w;a ter is different in the different stations. In the grass
station the roots of the plants are largely found in the first few inches of
soil. These roots WIthdraw large amounts of moisture from the upper soil
layers. The tree roots which are more deeply placed withdraw the water
from much lower depths. In the denuded station this loss is entirely lacking
on account of the absence of vegetation. Lastly, the amount of water received by a unit area is different in different stations. The soil in the denuded station receives 100 per cent of the precipitation, while the soil in
the grass station receives only a major par,t of it and the rest is intercepted
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Ev APORATION
The atmometric readings were corrected from the average value of the
coefficient of the instrument before its use and the coefficient after its use.
The corrected data so obtained were tabulated and from this table the daily
evaporation .for both white and black atmometers at each station \vas calculated. The results are presented in the following table and are also shown
in the diagram in Fig. 14.
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Both the diagram and the table indicate the following:
1. The daily evaporation from the black atmometer was invariably
higher than the evaporation from the white in · ·the same station. In open
stations the water loss from the former was nearly twice as much as from
the latter. The additional heat absorbed by the black atmometer from direct sunlight was responsible for this increase.
2. The daily evaporation fluctuated in amount according to ,seasonal
and climatic changes. The atmometric evaporation reached its highest point
in the week of .July 28-August 3. Henceforth, it suffered a constant decrease. The most significant depression, recorded in the week of September
8-14, was due to a sudden change in weather conditions. Rain was recorded
on five days and the weekly mean maximum air temperature was 11.4 degrees F. lower than that of the preceding week and 2.6 degrees F. lower
than that of the following week. With the combined effect of low air temperature and high atmospheric humidity, the atmometric evaporation was
reduced to a comparatively insignificant amount.
3. The range of seasonal fluctuation in evaporation \vas higher in the
blac~ atmometers than in the white. The difference was most pronouncedin the open stations and less so in the forest stations. In the denuded station the range of seasonal fluctuation was 51.6 C.c. in the black, and 32.7
c.c. in the white. In the grass station it was 49.5 C.c. in the black and 30.3
c.c. ·in the white, while in the old and young forest stations, it wa~ 28.5
c.c., 26.4 c.c., and 21.3 c.c., 19.5 c.c., respectively.
4- The forest cover exerted a marked influence on the atmometric evaporation, which was greatly diminished on account of the cover. This effect
was more pronounced in the black atmometers. The exact quantitative relation between the different stations -can be best illustrated in the total seasonal evaporation, which will be discussed later.
5. From the temperature data one observes that the air temperature in
the t,,,o forest stations was practically identical. Based on this factor alone,
one might expect that the evaporation from the white atmometer in the two
forest stations would be nearly identical. Contrary ·to our expectation, the
atmometric evaporation in the two forest stations differed from each other
in a significant manner. The white atmometers in the old forest evaporated
a much greater amount of water than those in the young forest station.
Sometimes the difference between the atmolnetric evaporations in the two
forest stations was even higher than the difference between the · atmometric
evaporations in ·the open station and the old forest station. This variance
was largely due to the difference in air movement in the two forest sta50

SOIL TEMPERATURE
2. The decrease af atmametric evaporation under a forest cover was
greater in the black atmometers than in the white on account of the reduction of light intensity in the forest. ·In the old forest station the ,decrease
of atmometric evaporation was 39 per cent in the black, against 22.8 per
cent in the white. In the young forest stat~on it was 43.2 per cent and 4 1
per cent, respectively.
INSOLATION

The .intensity of sunlight on the four .stations was measured by . the
method suggested by Livingston. 59 T'he difference between the evaporation
from white and black atmometers was used as a measure. The average
daily light intensity in each week is represented by the difference in evapo:.
ration between the black and white atmometers. The actual figures are
given in Table XVI. The diagram (Fig. IS) illustrates the following:
I. The intensity of sunlight reached its highest point in July and early
August and then decreased gradually. This tendency prevailed in all stations.
2. Local climatic conditions affected the light intensity to , a marked
degree. In the week of September 8-14, the average daily sunlight intensity was the weakest registered in the open stations and in the same
week rain was recorded on five days.
3. The forest canopy decreased the light intensity. The canopy of the
young forest, which is comparatively dense, was more effective in this respect. If one takes the total sum of light intensity, Le., the difference in
the evaporation between the white and black atmometers of 1766.3 c.c.,
on the bare station as 100 per cent, then that on the old forest ' station, of
245.7 C.C., is 14 per cent, and that on the 'young forest station, of 104.6
C.C., is 6 per cent. It is interesting to note that the light reaching the floor
of the old forest was more than double in intensity that reaching the floor
of the young forest.
INSOLATION AND SOIL TEMPERATURE

The diagram (Fig. IS) clearly shows that , the maximum surface and
maximum underground soil temperatures were closely related to the amount
of sunshine received by the soil. This relation, however, cannot be expressed
in a mathematical ratio for there are other factors involved. In exceptional
cases, when the influence of other factors is overstrong, the above men59 LIVINGSTON, B. E.: A radio-atmometer for measuring light intensity. (Plant
World, Vol. 14, pp. 96-99, 1911.)
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.. The · figures given in the above table, though high by themselves, are
rather low in ·comparison with the surface temperature in the same field in
the summer of 1923. The highest temperature observed in July, 1923,
was IS0 degrees F.,60 which is 14 degrees higher than that of 1924. The
causes accounting for this divergency are many, for instance, the intensity
of the sunshine at noon hours, the wind velocity, the dryness of .the surf~ce
soil. The surface soil temperature on a bare area ·is most sensitive to .the
influence of those factors. A mere passing cloud or a light breeze will lower
the surface temperature several degrees.
2. Maximum surface temperature and rainfall: Another striking feature of the surface temperature is the extreme fluctuation in the daily maxi:mum. The difference between the maximum of two successive days of 30
degrees F. was not uncommon. This was largely due to the alternatiolf of
sunny and cloudy days. As indicated in Fig. 22 the depression on the graph
of the maximum surface temperature, as a rule, coincides with rainy days
and the high peaks fall on the bright and sunny days. There was continuous fine weather in October and as a ·result the portion of the graph for
that month is much smoother.
3. Maximum surface temperature and dryness of surface soil: Next to
the amount of heat received from sunlight, the dryness of the surface soil
isa controlling factor in determining the surface temperature. The graphs
(Fig. 16) indicate clearly that after each rain the maximum surface temperature dropped down and generally took 2 or 3 days to gain its former
height. The lowering. of the surface soil temperature due to high moisture
content has been noticed by many investigators. WoIlny61 offers the following .explanation. He states that the moist top soil increases the evaporation
loss. In the process of evaporation a great amount of heat is consumed in
transforming the water to vapor. The heat consumed in increased evaporation is at the expense of the heat used for warming the soil. Naturally the
moist soil cannot attain as high a temperature on the surface as dry soil.
Miinch62 offers a similar explanation. Moreover, thespecific heat of the soil
is greatly increased by .the presence of water, the same number of .calories
60 TOUMEY, J. W., and NEETHLING, E. J.: Insolation a factor in the natural regeneration of certain conifers. (Yale Univ., 8ch. For., Bul. No. I I, 19 2 4.)
61WOLLNY) E.: Uber den Einfluss deroberflachlichen Abtrockung des Bodens auf
dessen Feuchtigkeit- und Temperatur-Verhaltnisse. (Forschungen auf dem Gebiete det
Agrikultur-physik, B. 3, s. 325-348, I8Ba.)
62 MUNCH, E.: Nochmal Hitzeschaden anWaldpflanzen. (Naturw. Zeitschr. Forst.
und Landw., Jahrg. 12, s. 169-188, 1914.)
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of heat which raises the temperature of ,dry soil two degrees can only raise
the temperature of moist soil one degree or less. The exact quan~titative
difference varies with the amount of water in the soil.
4. Seasonal variation in the maximum surface temperature: The maximum surface soil temperature decreased from month to month from July
to October., The monthly mean maximum was 12.5 degrees F. lower in
August than iIi July, - 18 degrees F. lower in September than in August,
and' · I o.7 degrees F. lower in October than in September.
This seasonal variation was largely due to the position of the sun. , From ,
June 21 the sun begins to move southward and the angle of incidence of
the sun's rays increases progressively. Thus the heat energy received ·by a
per unit area 'of the soil surface suffers a constant decrease as .the season
advances. It is only natural that the surface soil fails to maintain the high
temperature of July in later months.
s. Correlation between the maximum surface temperature and the maximum air temperature: The maximum surface temperature in the denuded
station was always higher than the maximum air temperature. The difference was by no means consta.n t, it varied from 6.5 degrees F. on September
I I to 43.5 degrees F.on July 9. The greatest difference generally occurred
uIl;der the following conditions, a bright sunny sky, a warm and still atmosphere, and a dry surface soil. On cloudy days one found the least
difference.
This relation also varied with the season. The mean maximum surface
temperature in July was 33.8 degrees F. higher than t~e mean maximum
air temperature. In October it diminished to 13.5 degrees F.
In spite of these ~ariations, the graph of maximum surface temperature
and the graph of maximum air temperature show approximate coincidence
in their rise and fall. The former, however, has a far greater range especially in July and early August.
6. Maximum surface temperature arid atmospheric currents: As stated
before, the portion of the graph of maximum surface temperature is .very
smooth in October. However, there are still ups and downs but to much less
extent. The variations in this period were mainly caused by the change. of
warm and cold atmospheric currents. The north and west wind generally
carries with it a cold current which causes a depression in air temperature
as well as in surface temperature. When 'the direction of the wind shifts,
the temperature rises accordingly. These changes take place irrespective of
the sunshine. In the earlier months this ~ffectwas obscured by other factors.
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a. The daily range of the surface temperature on the bare area was very
large, the greatest fluctuation on a single day being 86.5 degrees F.
b. The daily range of the surface temperature varied in a month within a
wide limit.
c. The daily range of the surface temperature decreased gradually in
the transition from summer to autumn~ The high monthly average in October was due to the prevailing fine autumn weather.
Underground .Soil Temperature.
I. Maximum and minimum soil temperature at 6, 12, and 24 inches:
The underground soil temperature graphs in Fig. 14 indicate the following:
In the first place the maximum and minimum soil ·temperatures, in a way,
independently responded to the changes in the maximum and minimum
surface temperature. The pronounced rise and fall in the maximum surface
temperature graph call forth a corresponding rise and fall, but in lesser
extent, in the maximum underground soil temperature graphs at all depths.
The minimum surface temperature graph and the minimum underground
soil temperature graph are correlatedin the same manner. The irregularities
disappear more completely 'i n the soil temperature graphs at 24 inches, which
appear much smoother in configuration. The underground soil temperature
was subject to the influence of the same set of factors which control the
surface temperature. The influence, however, diminished as the depth of the
soil increased.
Secondly, the graphs indicate that the maximum and minimum underground soil temperatures were, to some extent, interdependent. Their
independent response to changes in the maximum and minimum surface
temperature, as described in the foregoing paragraph, was manifested
only within certain limits. It is not unusual to find the depression in the
maximum surface temperature graph coinciding with a peak on the maximum underground soil temperature graph. The most illustrative example,
shown in Fig. 14, was in the period of September 29-31. In these three days
the maximum surface temperature showed a fall of 21.5 degrees F., while
the maximum soil temperature at six inches showed a rise of 4.5 degrees F.
This variance was occasioned by the compensating effect of the rising minimum soil temperature at six inches, which increased 7 degrees F. during the
corresponding period.
Thirdly, the graphs indicate that the response of the minimum soil temperature at 24 inches to the changes in the minimum ·surface temperature
was, as a rule, delayed from 1-2 days. The slow transference of heat in the
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the young forest station. The difference was 1.68 degrees F. in August,
1.31 degrees in September, and 1.92 degrees in October.
4- The underground soil temperature in the two fore~t stations did not
exhibit any significant difference in July, August, and September, but in
October the soil temperature in the old forest station was distinctly higher
than the soil temperature in the young forest station. The difference was
.go degreeF. at 6 inches, .24 degree F. at 12 inches, and .19 degree F. at
24 inches.
In other respects, the relation was rather inconsistent and the differences
were too insignificant for consideration.
QUANTITATIVE ANALYSIS OF THE EFFECT OF TI-IE CROWN CANOPY AND THE
EFFECT OF THE LITTER ON THE SURFACE TEMPERATURE

As stated on page 82, the crown canopy of the forest exerts only a slight
influence on the minimum surface temperature and the effect of the forest on
the minimum surface temperature is mainly due to the action of the litter.
Hence in the present discussion only the effect on the maximum surface tem- .
perature is considered.
In the summer of 1923, Tourney and Neethling67 conducted a comparative study of surface temperatures on four different sites in the same locality, on the Keene forest. They were: (a) openings in a pine stand with
the litter removed, (b) openings in a pine stand with the litter intact, (c)
in a pure pine stand with litter removed, (d) in a pure pine stand with the
litter intact. Hourly readings were taken from 10 A.M. to 4 P.M. da1ly during the period, July 23 to August 31. The complete data are given in Bulletin No. I I, Yale University, School of Forestry. From this data the daily
maximum for each site is singled out~ The .following table is ·a summary
of the mean maximum surface temperature for the period of investigation.
67 TOUMEY.. J. W., and NEETHLING.. E. J.: . Insolation a factor in the natural
generation of certain conifers. (Bul. NO.1 I, Yale Univ., Sch. For., 1924.)
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a rule S shaped, in which both daily maximum and daily minimum are
represented. The soil temperature graphs at the same hour at 12 inches
are generally V shaped and those at 24 inches inverted V shaped. In the
former, the daily minimum is represented and in the latter, the daily maximum is represented.
3. At 6 inches, the daily maximum soil temperature generally came at 5
P.M. and the daily minimum between 8-9 A.M. At 12 inches, the daily mini-

mum came between noon and

I P.M.

and at 24 inches the maximum came

about noon.
4. The graphs show that the response of soil temperature at the low·e r
depths to changes on the surface was always delayed. The exact delay can
be expressed approximately as one hour to one inch of soil depth through
which the heat is conducted.
The soil temperature graphs for 6 inches and 12 ·inches on September 2
and for 24 inches on September 3 are different from the graphs of corresponding depths on other days. This condition is due to the ·sudden change
of weather on September 2.

SUMMARY

T

HE object of this investigation is to study the effect of forest and.
grass cover on soil temperature at different depths, expressed in
terms of daily maximum and minimum. In connection with the main
study, the effect of the forest and the grass cover on air temperature,
evaporation, and soil moisture were also studied. Four stations were established on a contiguous area, one on an artificially denuded area, one
on the area covered with grass, one under a young pine forest, and the
other under an old pine forest. Soil temperatures were taken in the tunnels from a soil well at 6, 12, and 24 inches with standard maximum and
minimum thermometers attached to a special device. The results are summarized as follows:
I. In order to obtain continuous evaporation data from porous-cup atmometers with the mercury-valved mountings, duplicate sets are necessary_,
2 . . Readings from thermometers inserted in tunnels from a soil well with
the bulb less than a foot from the wall were found to be influenced by
fluctuations in the well temperature.
3. The grass cover lowered slightly the air temperature at three feet
above the surface in July and the first part of August, as compared with
the air temperature at the same height over a denuded surface.
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The forest lowered the monthly mean air temperature in July, August,
and September, and increased it slightly in October. .
s.The forest lowered the daily maximum air temperature and increased the .daily minimum, thus diminishing the daily range.
6. Both .grass cover and the forest decreased the soil moisture content
especially in the superficial layers. The effect of the grass cover in this
respect was most pronounced at a depth of 0-3 inches.
7. High soil moisture content lowered the ·maximum and mean soil temperature and raised the minimum slightly in June and July.
8. The atmometric evaporation was reduced 2.8 per cent by the grass
cover, 22.8 per cent by the old forest, and 41.5 per cent by the young
forest.
9. The total amount of sunlight in the old forest, measured by the
difference between the evaporation in the .black and white atmometers, was
14 ·per cent of full sunlight and that in the young forest but 6 per cent.
"10. The .surface soil attained a high maximum temperature on. the denuded area. It was subject to great variation due to the difference in the intensity of sunlight, dryness of the surface soil, and wind velocity and direction.
1.1. The surface soil on the denuded area cooled down very rapidly at
night. Its minimum temperature was usually only a few degrees higher
than the minimum of the air temperature. It was generally higher on a
cloudy night and lower on a clear and still night.
12. The maximum surface temperature was constantly higher than the
maximum air temperature from July to October on the denuded station.
The difference decreased from July onward. The maximum surface tem~
perature was higher than the maximum air temperature only in July and
lower in September and October on the grass station. In August, the two
were about the same. The maximum surface temperature in the two forest
stations was found to be constantly lower than the maximum air temperature.
13. The minimum surface temperature both in the open and in the forest was constantly higher than the minimum air temperature.
14. The difference between the maximum and minimum surface tem-

perature and the maximum and minimum air temperature was by no means
constant. The greatest differences between the maxima were generally recorded on a bright, sunny day and the greatest differences between the
minima on a clear and still night.
IS. The maximum and minimum soil temperatures at 6,12, and 24 inches
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in the open and in theforest responded independently to the changes in the
maximum and minimum surface temperatures. The soil temperatures at
the lower depths were ·less sensitive to minor changes in surface temperatures.
16. The minimum soil temperature at 24 inches fluctuated .from day to
day less than the maximum at the same depth.
17. The date of the highest weekly mean was later in the deeper layers

of the soiL It was especially pronounced in the open stations,.
18. The daily range was pronounced at all depths down to two feet, but
especially so in the superficial soil layers in the open.
19. The daily range of the soil temperature was subject to great varia;..
tion. Even at 24 inches under the forest cover, it varied from 0-4.5 de..
grees F.
20. The mean soil ·temperature in the open and in the forest decreased
with increasing soil depth in July and August and increased in October,
while in September the .relation was rather irregular. The ·difference between the mean soil temperature at different depths in September was seldom more than a half degree F.
2 I. The forest ·and the grass cover lowered the maximum surface temperature in a significant manner. The effect of the fornler was much more
pronounced, especially in the summer months.
22. The forest and the grass cover raised the minimum surface temperature. From July to September, the grass was more effective in this respect than the forest.
23. ·The effect of the forest and the grass cover in lowering the maximum
surface temperature decreased from July onward and the effect in raising
the minimum increased. Cloudiness diminished the effect of the forest and
the grass cover in both respects.
24. The grass cover diminished the maxima, minima, and means in the
soil .temperature at all depths in July and August and raised them slightly
in October. The effect in September was variable at different depths.
25. The grass cover reduced the daily range of the soil temperature at
all depths, but the effect was less significant as compared with the effect of
the forest ·in this respect.
26. The forest reduced the maxima, minima, and means in the soil temperatures at all depths throughout the. entire period except the minimum at
a depth of 6 inches in October, which was raised by the forest.
27. The effect of the forest in lowering the soil temperature decreased
downward from a depth of 6 inches in the summer months; in autumn, the
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effect was about the same at all depths or was slightly higher at the lower
depths.
28. The effect of the forest in lowering the soil temperature was much
more pronounced than that of the grass cover.
29. The daily range of the soil temperature at a depth of 6 inches was
reduced 60-70 per cent due to the forest and at a depth of 12 inches, 50-60
per cent. At 24 inches, the effect was less significant.
30. The grass cover lowered the upper extreme in the soil temperature 2
degrees F. at a depth of 6 inches, 4.5 degrees F. at a depth of 12 inches, and
2.5 degrees F. at a depth of 24 inches.
31. The forest cover lowered the upper extreme in the soil temperature
14.5-15 degrees F. at a depth of 6 inches, 12-13 degrees F. at a depth of 12
inches, and 9.5 degrees F. at a depth of 24 inches.
32. The effect of the forest in raising the minimum surface temperature
was mainly due to the presence of the litter while the trees exerted little or
no influence in this respect. The effect of the forest in lowering the ' maximum surface temperature was largely due to the presence of the tree
canopy while the litter attributed only a small share. It has been found that
in a pure pine stand in northern New England 77.7 per cent of the reduction in the maximum was due to the canopy and 22.3 per cent on account of
the litter.
33. The effect of the young forest and the old forest on soil temperature
was practically the ~ame, except that the old forest raised the minimum
surface temperature one-half degree F. higher than the young forest.
34. The direction of change in the soil temperature at different depths,
either rising or falling, was different at any given time. The time for the
soiltemperature at the lower depths to attain the daily maximum and minimum 'was delayed. The delay was found approximately to be one hour to
an inch of soil depth.
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